background: DNA damage in human spermatozoa is known to be associated with a variety of adverse clinical outcomes affecting both reproductive efficiency and the health and wellbeing of the offspring. However, the origin of this damage, its biochemical nature and strategies for its amelioration, still await resolution.
Introduction
DNA damage in the male germ line has been linked with a wide variety of pathological outcomes including reduced fertilization rates, impaired preimplantation development, an increased incidence of miscarriage and morbidity in the offspring (Aitken, 1999; Morris et al., 2002; Carrell et al., 2003; Bungum et al., 2004; Seli et al., 2004; Virro et al., 2004; Lewis and Aitken, 2005; Aitken et al., 2009; Zini and Sigman, 2009; Barratt et al., 2010) . The origins of this DNA damage are not fully understood, however several lines of evidence suggest that oxidative stress plays a key role in the underlying aetiology. Spermatozoa are sensitive to such stress because they possess limited endogenous antioxidant protection while presenting abundant substrates for free radical attack in the form of unsaturated fatty acids and DNA (Jones et al., 1979; Aitken and Clarkson, 1987; Alvarez et al., 1987; Aitken 1989 Aitken , 1999 Koppers et al., 2010) .
Electron leakage from the sperm mitochondria is thought to constitute the major source of reactive oxygen species (ROS) in these cells (Koppers et al., 2008) . When the production of ROS by the sperm mitochondria is excessive then the gamete's limited endogenous antioxidant defences are rapidly overwhelmed and oxidative damage is induced. The latter is known to induce lipid peroxidation in the spermatozoa, with a resultant loss of fertilizing potential and vitality ( Jones et al., 1979; Alvarez et al., 1987; Aitken et al., 1989 Aitken et al., , 1998 . ROS will also induce DNA damage in the sperm nucleus and mitochondria and will do so at levels of oxidative stress that are still compatible with the retention of motility and a capacity for fertilization (Aitken et al., 1998) . As a result, spermatozoa carrying oxidatively damaged DNA could make a significant contribution to the increased levels of miscarriage and childhood disease seen in the offspring of men exhibiting high levels of DNA damage in their spermatozoa .
Since oxidative DNA damage is relatively common in human spermatozoa (Kodama et al., 1997; De Iuliis et al., 2009 ) and the clinical consequences of such damage are so severe (Meseguer et al., 2008; Aitken et al., 2009) , serious consideration is being given to the use of antioxidants as a prophylactic treatment for men contemplating assisted conception. Although several studies addressing the therapeutic value of antioxidant treatment for male infertility have generated promising results (Kessopoulou et al., 1995; Suleiman et al., 1996; Greco et al., 2005; Tremellen, 2008) , none of these studies have selected patients on the basis of 8-hydroxy-2 ′ -deoxyguanosine (8OHdG) formation or used this oxidized DNA base adduct as a criterion for assessing treatment efficacy. As a result, we have little idea how common oxidative DNA damage is in the target patient population or the extent to which such damage is correlated with DNA fragmentation. We also have no idea whether the method of sperm preparation influences oxidative DNA damage or the extent to which such damage is an indirect reflection of cell viability. In this paper we address these questions and, in the process, generate data on the prevalence of sperm DNA damage in the patient population and the thresholds that might be used in applying this criterion for diagnostic purposes.
Materials and Methods

Semen samples
Two study populations were incorporated into this study. The first comprised a cohort of 50 patients undergoing treatment at an assisted conception clinic (Hunter IVF). These samples were unselected and represent a random cross section of the male population attending such clinics, including those with female factor infertility. The second was a cohort of 36 unselected healthy donors to our reproductive research programme, a majority of whom were students of unknown fertility status. Analysis of the conventional semen profiles for these two groups of subjects did not revealed any statistically significant differences (Fig. 1 ). For example, oligozoospermia (sperm concentration ,20 × 10 6 /ml) was present in 17% of the patient samples and in 12% of the donors, while asthenozoospermia (motility ,40%) was actually more prevalent in the donors (20%) than the patients (9%). In a supplementary analysis, an additional group of six donor samples were also used to examine the impact of Puresperm w fractionation on DNA damage in human spermatozoa. Scientific use of these samples for research purposes was approved by both an Institutional Human Ethics Committee and the State Minister for Health. After at least 48 h abstinence, semen samples were produced by masturbation and collected into sterile sample containers, which were delivered to the laboratory within 1 h of ejaculation.
Sperm preparation
Purification of human spermatozoa was achieved using a 44 and 88% discontinuous Percoll (GE Healthcare, Castle Hill, Australia) centrifugation gradient, as described (Mitchell et al., 2010) . After 30 min centrifugation at 600g purified spermatozoa were recovered from the base of the 88% Percoll fraction and washed with Biggers, Whitten and Whittingham medium (BWW; Biggers et al., 1971) . These cells were then pelleted by centrifugation at 600g for a further 15 min and finally resuspended at a concentration of 6 × 10 6 cell /ml in BWW. Motility was determined in the BWW medium by transferring 10 ml of the same sample onto a prewarmed slide, overlaying with a coverslip and subsequently scoring the percentage of motile cells using phase contrast optics. Motility was defined as any cell showing signs of flagellar activity and 200 cells were counted. Vitality was assessed using the eosin exclusion test, by 5 ml of sperm suspension being mixed with 5 ml of 0.5% (w/v) eosin on a microscope slide. In order to determine whether the results of the flow cytometry analyses were profoundly influenced by the method of sperm preparation, unfractionated sperm suspensions were also prepared by three cycles of centrifugation and resuspension (600g for 15 min to give the same total duration of centrifugation as the Percoll prepared samples) in medium BWW.
TUNEL assay
DNA fragmentation and vitality were assessed simultaneously using the novel methodology established by Mitchell et al. (2010) . For this version of the assay, spermatozoa were incubated for 30 min at 378C with LIVE/DEAD w Fixable Dead Cell Stain (far red) (Molecular Probes, Eugene, OR). They were then washed 1× with BWW before being incubated with 2 mM DTT for 45 min and fixed in 2% paraformaldehyde for 15 min at 48C. After fixation, the spermatozoa were centrifuged (500g for 5 min) and washed with phosphate-buffered saline (PBS) before being stored in 0.1 M glycine in PBS at 48C for a maximum of 1 week. The TUNEL assay was subsequently performed and the percentage of labelled cells was analysed by flow cytometry, as previously described (Mitchell et al., 2010) . Gates were set based on forward and side scatter, such that only spermatozoa were assessed. Fluorescence was measured upon excitation by a 15 mW argon-ion laser at 488 nm and was paired with emission measurements using 530/30 band pass (green/FL-1) and .670 long pass (far red/FL-3) filters. For each sample, 10 000 events were recorded at a flow rate of 200 -300 cells/s. DNA fragmentation was detected by recording the percentage of cells emitting green fluorescence at 515 -555 nm using the FL-1 detector. Cell vitality was determined by recording the percentage of cells emitting far red fluorescence at 665 nm using the FL-3 detector. The software used to analyse the data was Cell Quest Pro (BD Biosciences, USA). Results are presented as either a percentage of the entire population that was positive or as a percentage of the entire population that were alive and positive.
8-hydroxy-2
′ -deoxyguanosine (Molecular Probes, Eugene, OR) . They were then washed 1× with BWW before being incubated with 2 mM DTT for 45 min and fixed in 2% paraformaldehyde for 15 min at 48C. After fixation, the spermatozoa were centrifuged (500g for 5 min) and washed with PBS before being stored in 0.1 M glycine in PBS at 48C for a maximum of 1 week. The cells were subsequently analysed for 8OHdG expression as previously described . Fluorescence was then measured on a FACSCalibur flow cytometer (Becton Dickinson) using argon laser excitation at 488 nm coupled with emission measurements using 530/30 band pass (green) using the FL1 channel. Cell vitality was determined by recording the percentage of cells emitting far red fluorescence at 665 nm using the FL-3 detector. Non-sperm-specific events were gated out and 10 000 cells were examined.
Statstical analyses
The results of both the TUNEL and 8OHdG assays were expressed as a percentage of the entire sperm population that were positive irrespective of vitality or as a percentage of the entire population that were alive and positive. Statview (Abacus Concepts Inc, CA, USA) was used for all statistical analyses apart from the receiver operating characteristic (ROC) curve analysis. Paired comparisons were conducted using a paired t-test. Non-paired comparisons were conducted with a non-paired t-test and confirmed with a non-parametric test (Mann-Whitney U ). In order to normalize the distribution of the flow cytometry data prior to regression analysis, square root transformation was used. Frequency distribution analyses were also conducted, including calculation of a normal distribution based on each variable's mean and standard deviation. In addition, comparisons of data distributions in the patient and donor samples were conducted by constructing ROC curves using the Xlstat program (Addinsoft, USA; http://www.xlstat.com/en/products/ xlstat-life/). The overall significance of either 8OHdG formation or TUNEL positivity as a criterion for distinguishing patients from unselected donors was determined by calculating the area under the ROC curve (AUC). Optimized threshold criteria for distinguishing between these two populations were determined using Youden's index ( J ¼ sensitivity + specificity 21). For all statistical tests, differences with a P-value of ,0.05% were regarded as significant.
Results
Correlation between DNA fragmentation and 8OHdG formation
The techniques employed in this analysis enabled, for the first time, DNA fragmentation and 8OHdG formation to be analysed in concert with the simultaneous assessment of cell viability in a patient population. When the analysis focused on the viable cells present in unfractionated sperm suspensions, a high level of correlation was observed between DNA fragmentation and 8OHdG formation (r ¼ 0.671; P , 0.001; Fig. 2A ), suggesting that a significant proportion of the DNA damage seen in these cells is oxidatively induced. If these aspects of DNA damage were expressed as percentages of the entire sperm population, irrespective of vitality, then a correlation was still observed but the significance was reduced (r ¼ 0.355; P ¼ 0.011). The reason for this change in significance may have been due to the confounding influence of cell death, since most of the TUNEL-and 8OHdG-positive cells in these sperm suspensions were found to be non-viable (Fig. 2B) . Thus, while 40.1 + 2.3% of the cells were TUNEL positive only 4.6 + 0.6% were viable and positive (Fig. 2B ) while for 8OhdG, the corresponding figures were 37.3 + 2.8% and 9.4 + 1.4%, respectively (Fig. 2C ). Within these unfractionated sperm suspensions, vitality was correlated with the outcome of the TUNEL assay (r ¼ 0.317; P ¼ 0.025) but not with the results of the 8OHdG assay (r ¼ 0.126; P . 0.05), suggesting that in the cascade of cause and effect leading to DNA damage, 8OHdG is a relatively early event, upstream of DNA fragmentation in the pathway that leads to cell death. Oxidative DNA damage in sperm: diagnostic criteria
Impact of Percoll gradient centrifugation
While unfractionated sperm suspensions might be used for diagnostic purposes, the therapeutic use of these cells generally involves fractionated cell populations that have been prepared by discontinuous gradient centrifugation. In order to determine whether the use of such selection methods would impact the incidence of DNA-damaged spermatozoa, the above analyses were repeated on Percoll-prepared spermatozoa. Predictably, Percoll centrifugation significantly improved the percentage of motile and viable cells (P , 0.001; Fig. 3A ) and in both the unfractionated and Percoll prepared samples, vitality and motility were highly correlated (P , 0.001; Fig 3B and C) . When the entire sperm population was considered, this improvement in sperm motility and vitality resulting from Percoll fractionation was reflected in a significant decrease in the percentage of TUNEL-positive cells (P , 0.05; Fig. 3D ), although the percentage of 8OHdG cells remained unchanged (Fig. 3D) . Intriguingly, when only the viable cells were considered, Percoll fractionation significantly increased both the percentage of TUNEL-(P , 0.05) and 8OHdG-positive cells (P , 0.001; Fig. 3E ).
In view of the potential significance of this result, we sought to repeat this analysis on an independent data set generated from a cohort of 36 unselected semen donors to our research programme. Within this entire group of 36 samples, Percoll centrifugation again enriched the motility of the sperm suspension and significantly improved vitality (P , 0.001; Fig. 4A ). Because Percoll centrifugation increased the percentage of viable cells in the sperm suspension, the TUNEL signal for the entire sperm population was significantly reduced (P , 0.001; n ¼ 36; Fig. 4B ), even though Percoll fractionation did not significantly affect the 8OHdG signal (P . 0.05; n ¼ 36; Fig. 4B ). Analysis of cell vitality in relation to DNA damage again revealed that a majority of TUNEL and 8OHdG cells were non-viable both before (Fig. 4C ) and after (Fig 4D) Percoll centrifugation. However, if the analysis focused on viable cells, then Percoll centrifugation had little impact on the low incidence of TUNEL -positive live cells in these donor samples, but did significantly increase the percentage of 8OHdG-positive live cells (P , 0.01; n ¼ 36; Fig. 4E ), as observed in the patient population.
These data suggested a stimulatory impact of Percoll centrifugation on 8OHdG formation in an independent data set. In addition, we also examined this effect using discontinuous density gradients created using Puresperm w (colloidal silica particles coated with silane) in an additional group of six donors and the same results were obtained. In this supplementary experiment, preparation of the spermatozoa by discontinuous gradient centrifugation through either Percoll or Puresperm w resulted in significant increases in the proportion of live spermatozoa exhibiting signs of oxidative DNA damage (Percoll, 24.4 + 4.8% 8OHdG-positive cells; Puresperm w , 26.6 + 5.1% 8OHdG-positive cells) compared with unfractionated samples prepared by repeated centrifugation in BWW (8.7 + 1.5% 8OHdG-positive cells; P ≤ 0.01; n ¼ 6). Similarly discontinuous gradient centrifugation through Puresperm w also resulted in a significant increase in the percentage of live spermatozoa exhibiting TUNEL positivity (15.6 + 5.7%) compared with the unfractionated control samples prepared by repeated centrifugation through BWW (3.7 + 0.9% TUNELpositive cells; P , 0.05; n ¼ 6).
Comparison of the donor and patient populations
Comparison of the TUNEL signals recorded for the donor (n ¼ 36) and patient populations (n ¼ 50) revealed significant differences, in both unfractionated (donors, 30.9 + 1.7% versus patients, 40.2 + 2.3%; Oxidative DNA damage in sperm: diagnostic criteria P , 0.01) and Percoll-prepared samples (donors, 17.4 + 1.6% versus patients, 34.3 + 2.5%; P , 0.001). Similarly the 8OHdG values were significantly different between these two populations for both the unfractionated (donors, 28.5 + 2.1% versus patients, 37.3 + 2.8%; P , 0.05) and Percoll prepared (donors, 24.3 + 3.2% versus patients, 38.9 + 3.2%; P , 0.01) sperm suspensions. These data were consistent with the notion that the patient and donor populations are distinctly different, with the former enriched with poor quality samples expressing high levels of DNA damage. In order to formally confirm this difference and develop objective thresholds for identifying abnormal samples, the frequency distribution of the data was examined.
Frequency distribution of the 8OHdG and TUNEL data
If either 8OHdG or TUNEL results are to be used as diagnostic criteria to select patients for therapeutic intervention, then two fundamental, practical questions have to be addressed: (i) should the (E) Percoll centrifugation significantly increased the percentage of cells that were alive and exhibiting 8OHdG activity, while having no significant effect on the TUNEL signal. **P , 0.01; ***P , 0.001. measurements be made on unselected or Percoll prepared samples and (ii) what threshold values should be used for selection purposes? Both of these questions were addressed using ROC curve analysis. In conducting these analyses, we recognized that clear separation of the two groups (donors and patients) would not be achievable because the patient population would certainly include the fertile male partners of infertile women, while the donor population could feasibly include men suffering from some level of subfertility. Nevertheless, we did expect that the data distribution for the patient population to be significantly extended to the right, as proved to be the case.
An example of ROC curve analysis is given in Fig. 5 ; in this case, a plot of TUNEL positivity following Percoll fractionation. Such curves present a plot of sensitivity against 1 2 specificity and provide a measure of the ability of a given test to distinguish between two populations (the donors and patients). The dashed diagonal represents completely overlapping distributions that cannot be separated; the farther the data points deviate from this no-discrimination line, the greater the diagnostic value of the test. The AUC gives a robust indication of the ability of a given test to discriminate two independent populations. In Table I , we present the AUC results for all of the treatments used in this study. It is clear from these data that the best diagnostic discrimination between patients and donors is achieved when 8OHdG or TUNEL activity is recorded for the entire sperm population not simply those that are alive, reflecting that fact that oxidative base adduct formation (8OHdG), DNA fragmentation and cell death lie on a continuum. For those tests focusing on the total cell population, it was also evident that Percoll fractionation gave the highest and most significant AUC values (Table I) . Using the Youden 'J' statistic as a guide to define optimized thresholds for discriminating between patients and donors, we could then go back to our data sets to determine how these measures performed as criteria for identifying men exhibiting abnormally high levels of DNA damage in their spermatozoa.
Analysis of the frequency distribution of the TUNEL data has allowed us, for the first time, to determine the DNA damage profile of patients and donors using a version of this assay that has been validated for use with human spermatozoa ( (Mitchell et al., 2010) . For the unfractionated spermatozoa, the frequency distribution of TUNELpositive spermatozoa followed different trajectories in the patient and donor populations giving median (10th and 90th percentiles) values of 31.9% (18.1 and 42.7%) and 40.0% (20.0 + 63.1%), respectively (Fig. 6A) . Comparison of the frequency distributions for the unfractionated spermatozoa revealed that the patient data were extended to the right relative to the donors as anticipated (Fig. 6B  and C) . If a threshold of 40% positive cells was used as a selection criterion as suggested by the Youden index, then 48% of the patient cohort exceeded this value compared with 14% of the donor population. After Percoll centrifugation, the absolute TUNEL values were significantly reduced because the sperm populations had been enriched with viable cells. However, the difference between the donor and patient populations increased, generating median values of 30.9% (13.5 and 56.2%) and 15.9% (7.1 and 31.09%) for the patient and donor populations, respectively (Fig. 6D) . The Youden threshold value of 24% (Table I ) captured 70% of the patient population but only 15% of the donors, again emphasizing just how different these two populations are in terms of DNA damage.
Analysis of the frequency distribution data for 8OHdG again revealed a marked difference between the donor and patient cohorts in the distribution of results. In the donor population, the median 8OHdG value (10th and 90th percentiles) was 25.4% (14.8 and 43.3%) compared with 35.7% (15.7 and 62.1%) in the patient population (Fig. 7A) . Using the Youden threshold of 40% for the unfractionated samples, 44% of the patient population were characterized as exhibiting abnormally high levels of oxidative DNA damage, as opposed to 14% of the controls (Fig. 7B and C) . If the data distribution for 8OHdG after Percoll fractionation was considered, the difference between these two populations was even more marked. In this case, the median (10th and 90th percentiles) of the donor and patient populations were 17.1% (9.8 and 63.6%) and 30.2% (16.3 and 76.0%), respectively (Fig. 7D) . After Percoll centrifugation, the distribution appeared more bimodal because the fractionation procedure had stimulated certain samples to generate high levels of 8OHdG activity. Because this induction of oxidative DNA damage affected both the donor and patient populations, discrimination between these groups becomes more difficult. Using the Youden threshold value of 24%, 29.3% of the donor population was classified as positive, compared with 68% of the patient population.
Discussion
The data generated in this study have provided the first insights into the size of the patient population exhibiting DNA fragmentation in their spermatozoa and the dependence of this condition on oxidative stress. It is clear from the data presented in Fig 2A that the incidence Figure 5 Example of an ROC curve. Dotted line represents the line of no discrimination. The further the data points are away from this diagonal, the more significant the criterion, as a means of discriminating the two populations under investigation. The relative strength of the discrimination can be deduced by calculating the AUC. In this example, the data represent the ROC curve describing TUNEL positivity following Percoll fractionation for discriminating between donor and patient samples. of DNA fragmentation in viable spermatozoa recovered from assisted conception patients is highly correlated with the expression of 8OHdG, a marker for oxidative DNA damage. This finding reinforces the notion that a majority of the DNA damage seen in populations of human spermatozoa is associated with the onset of oxidative stress ). However our data also indicate that a majority of the TUNEL-and 8OHdG-positive cells identified in this study are non-viable (Fig. 2B) . Because the methodology we have used in this study uniquely allows the simultaneous assessment of vitality, DNA adduct formation and fragmentation, this is the first time that this relationship has been reported. Several important implications flow from this observation. From a practical perspective, these results suggest that if a motile (and therefore live) cell is selected for ICSI (intra-cytoplasmic sperm injection), then there is a .90% chance that the cell will not possess any detectable DNA damage, since only 5% of live cells are TUNEL positive after Percoll preparation (Fig. 2) . The fact that sperm selection for ICSI conventionally focuses on the identification of motile, morphologically normal spermatozoa aligns perfectly with these conclusions (Van Steirteghem et al., 1998; Nadalini et al., 2009) . The lack of a significant correlation between the incidence of DNA damage in sperm suspensions and the clinical outcomes of ICSI therapy, also emphasizes that the motile spermatozoon selected for injection, might not reflect the incidence of DNA damage in the population as a whole (Simon et al., 2010) . Conversely the positive correlations that have been observed between DNA damage in raw semen and the success of intrauterine insemination may depend on the ability of such DNA damage assays to reflect the underlying quality of the spermatogenic process rather than the fertilizing potential of individual cells (Bungum et al., 2004) .
In light of these findings, we might also expect density gradient centrifugation, a technique that is frequently used in assisted conception programmes to purify populations of viable motile cells (Aitken and Clarkson, 1988) , to result in a reduction in the percentage of DNA damaged cells. In keeping with previous reports (Fariello et al., 2009) , we also observed a reduction in TUNEL-positive cells when spermatozoa were prepared by discontinuous gradient centrifugation, presumably due to the positive selection of viable cells (Figs 3D and 4B) . However, if we focused on just the viable spermatozoa, then discontinuous gradient centrifugation was found to increase the percentage of cells expressing high levels of 8OHdG resulting, in the patient population, in a significant increase in DNA fragmentation (Figs 3E and 4E) .
This unexpected increase in oxidative DNA damage in Percollprepared spermatozoa presumably reflects the induction of free radical generation as the spermatozoa are centrifuged through a density gradient. Although we (Aitken and Clarkson, 1988) , and others (McKinney et al., 1996) , have previously reported that the act of centrifugation can stimulate ROS production by spermatozoa, this cannot explain the results observed in the present study because the unfractionated controls were subjected to exactly the same duration of centrifugation as the Percoll-prepared group. Rather, we propose that it is the shearing forces generated at the sperm surface as these cells are subjected to centrifugation through a dense gradient that triggers free radical generation and oxidative DNA damage. Physical perturbation of cell surfaces is known to create local membrane depolarization and ROS generation by NADPH oxidases and NO synthases (Amatore et al., 2008) . Whether such enzyme systems are involved in triggering oxidative stress in spermatozoa subjected to discontinuous gradient centrifugation will be examined in future studies. It would also be interesting to know whether the oxidative stress created by density gradient centrifugation has long-term impacts on the motility, vitality and levels of DNA damage sustained by the spermatozoa as a function of the time elapsed since preparation. Whatever the mechanism, such iatrogenically induced oxidative DNA damage was observed in both patient and donor samples (Figs 3E and 4E) , although only in the former did such lesions lead to an increase in DNA fragmentation. Such differences are presumably quantitative rather than qualitative and reflect the generally higher levels of oxidative stress seen in the patient samples. Our current thinking is that free radical generation, oxidative DNA damage, DNA fragmentation and cell death lie on a continuum and that spermatozoa from the patient population are more advanced along this path than those from the donors.
If these conclusions are correct, and oxidative stress is at the heart of the increased DNA damage we see in the patient population, then antioxidant therapy would seem a logical means of addressing this problem. The notion that antioxidants are important for male reproduction has been around since the 1930s when vitamin E was shown to be an essential requirement for normal testicular function (Mason et al., 1930) . A possible role for antioxidants in the treatment of male infertility was also supported by more recent prospective studies demonstrating that free radical generation by human spermatozoa is predictive of fertility in couples possessing a normal female partner (Aitken et al., 1991) . A small number of studies have been performed with the aim of assessing the possible therapeutic value of antioxidants in the treatment of male infertility (Tremellen, 2008) . However, none have delivered a definitive result because they have been underpowered, have lacked appropriate controls, have not incorporated a double-blind crossover design or have not selected an appropriate group of patients. If antioxidants are to be used therapeutically, a rational cohort for treatment would be that subpopulation of males exhibiting signs of oxidative damage to their sperm DNA. Surprisingly, none of the previous investigations of antioxidant therapy for male infertility have used oxidative DNA damage as a selection criterion. The formation of 8OHdG constitutes a robust marker for oxidative DNA damage , however before it can be used as a selection criterion for antioxidant therapy, it is important to determine: which population of spermatozoa will be assessed, how it will be prepared and what threshold values will be used to select patients for treatment?
In terms of the sperm subpopulation to be assessed, we have the choice of selecting either the total proportion of 8OHdG-positive cells or just selecting those that are alive and 8OHdG positive. In this context, we would argue that the measurement should be made on the entire sperm population because a loss of viability is part of a progressive oxidative process that begins with the excessive generation of ROS, leads to lipid peroxidation and oxidative DNA damage, and culminates in DNA fragmentation and death. Whether oxidatively damaged cells are alive or dead is just a question of the time that has elapsed between the initiation of oxidative stress and the point of assessment.
In terms of sperm preparation, we could either measure 8OHdG in unfractionated sperm populations or those prepared by discontinuous gradient density centrifugation. The latter increases the proportion of viable cells but also simultaneously increases the proportion of viable cells exhibiting 8OHdG formation due to the artificial creation of oxidative stress (Fig. 3E and 4E ). It could be argued that such stimulation accentuates the difference between normal and abnormal cells (Fig. 7) and so should be used to prepare the cells for diagnostic purposes. However, the artificial nature of this stimulation argues against its use in a diagnostic context, even though this side effect of discontinuous density gradient centrifugation is clearly important therapeutically. On balance, we would suggest that 8OHdG measurements should be made on the total population of unfractionated cells, to give an overall view of oxidative stress in the ejaculate.
DNA damage, whether measured as fragmentation or oxidized base adduct formation, follows a normal distribution in unfractionated sperm suspensions (Figs 6 and 7) . In order to find a threshold within this distribution for identifying men with abnormally high levels of DNA damage, ROC curve analysis in combination with Youden's J statistic was used. With this approach we could compare the distribution of data in a patient population attending an IVF programme, which should contain a subpopulation of infertile males, with a donor population, in which subfertility would be relatively scarce. Accordingly, the frequency distribution of data for both the TUNEL and 8OHdG assays was found to be extended to the right in the patient population (Figs 6 and 7) . The results of this analysis were also consistent in recommending a diagnostic threshold of around 40% positive cells for both TUNEL and 8OHdG formation in unfractionated sperm suspensions (Figs 6 and 7) . Using this threshold, subpopulations of spermatozoa suffering from oxidative DNA damage can now be readily identified, as a prelude to antioxidant therapy. undertook the clinical evaluation of the patients and R.M. contributed to the study design and manuscript preparation.
